Traditional geological mapping may be hindered by rough terrain and dense vegetation resulting in obscured geological details. The advent of airborne Light Detection and Ranging (LiDAR) provides a very precise three-dimensional (3D) digital terrain model (DTM). However, its full potential in complementing traditional geological mapping remains to be explored using 3D rendering techniques. This study uses two types of 3D images which differ in imaging principles to further explore the finer details of sedimentary terrain. Our purposes are to demonstrate detailed geological mapping with 3D rendering techniques, to generate LiDAR-derived 3D strata boundaries that are advantageous in generating 2D geological maps and cross sections, and to develop a new practice in deriving the strike and dip of bedding with LiDAR data using an example from the north bank of the Keelung River in northern Taiwan. We propose a geological mapping practice that improves efficiency and meets a high-precision mapping standard with up to 2 m resolution using airborne LiDAR data. Through field verification and assessment, LiDAR data manipulation with relevant 3D visualization is shown to be an effective approach in improving the details of existing geological maps, specifically in sedimentary terrain.
INTRODUCTION
Two of the main tasks in geological mapping focus on defining strata boundaries and collecting the strike and dip of bedding, which greatly influence the reliability of stratigraphic unit reconstruction for geological maps. Traditionally, geological mapping is implemented using field investigations which may be hindered by dense vegetation and terrain that are difficult to access. For practical reasons the scale of geological mapping is usually set at the 1:100000 to 1:25000-scale in local areas (e.g., CGS 2002 (e.g., CGS , 2005 Lisle et al. 2011) , resulting in geological detail simplification. Thus, improving the reliability of geological maps has always been an important objective for finer scale applications.
In recent decades remote sensing data such as aerial photographs and satellite images have been used for geological mapping (Crósta and Moore 1989; Drury 1993; Dueholm et al. 1993; Dong and Leblon 2004; Bedini 2009; Rogge et al. 2009; Roy et al. 2009 ; Van der Meer et al. 2012; Lato et al. 2013) . However, in areas with dense vegetation, such photo-geological mapping cannot easily detect subtle geological lineaments or elements on the ground. The advent of airborne Light Detection and Ranging (LiDAR), offers a solution to overcome the vegetation cover problem and enhance topographical data spatial resolution, reaching 4 m or less (Kraus and Pfeifer 1998; Haugerud et al. 2003) . Such high-resolution topographic data greatly increases geological applications such as landslide mapping (Chang et al. 2005; Chen et al. 2006; Glenn et al. 2006; Arrowsmith and Zielke 2009; de Rose and Basher 2011; Ventura et al. 2011; Bremer and Sass 2012) , fault and lineament mapping (Chan et al. 2007 ; Chang et al. 2010; Lan et al. 2010; Sutinen et al. 2014) , and lithological mapping (Webster et al. 2006; Grebby et al. 2010) . Although these studies have successfully recognized geological lineaments and morphology, the potential for applying airborne LiDAR data for the mapping of geological features, such as sedimentary strata boundaries, remains to be explored. For example, the traditional 2D top-view LiDARderived images cannot effectively display side views of the terrain, making it difficult to confidently trace strata boundaries using visual interpretation. Furthermore, the unevenly distributed and limited quantity of bedding strike and dip obtained using traditional field measurements often make detailed mapping very difficult or even impossible.
The main goal of this study is to produce a geological map with ample and reliable strike and dip estimates using airborne LiDAR data to complement fieldwork. A LiDARderived digital terrain model (DTM), having 2 m resolution or better, is recommended for use because it helps in locating the strata boundaries, particularly in areas with dense vegetation. Other types of DTMs, such as those derived from aerial, satellite or InSAR images, are not used as we would specifically emphasize the applicability of LiDARderived DTM in this study for complementing fieldwork. Visual interpretation of the geological features is kept as the main image-interpreting approach, which is familiar to most experienced geologists. We adopted three-dimensional (3D) visualization techniques to improve the readability of the LiDAR images in mapping 19 Miocene rock strata boundaries at the north bank of the Keelung River in northern Taiwan. From the strata boundary mapping results we further developed new approaches to derive two types of strike and dip: (1) the direct LiDAR-derived strike and dip and (2) the interpolation-derived strike and dip. The former is used for improving the existing geological maps and the latter is used for predicting the strike and dip values at a certain location and shallow depths.
GEOLOGICAL BACKGROUND
The study area of about 46 square kilometers (9.1 × 5.1 km rectangular area in Fig. 1 ) is located on the north bank of the Keelung River in northern Taiwan. This area has long been recognized as a part of the fold-and-thrust belt produced by the collision of the Eurasian tectonic plate and the Philippine Sea plate (Seno 1977; Suppe 1980; Teng 1990 ). The stratigraphy is composed mainly of Miocene formations and folded into the Badu syncline. According to relevant studies (Teng et al. 2001; CGS 2005) , these Miocene formations can be divided into four units from old to young: the Mushan formation (Ms Fm.), Taliao formation (Tl Fm.), Shihti formation (St Fm.), and Nankang formation (Nk Fm.) . In general, the main lithologies can be categorized into three types of rocks: sandstone, shale, and sandstoneshale alternation. The area shows large-scale cuesta topography leaning towards the southeast with dip angles of about 10 -30 degrees, covered with heavy vegetation over 90% of the ground (Fig. 2) . Such topographic conditions cause complex and poorly accessible terrain that increases the difficulties of traditional field and photo-geological mapping. So far the published large-scale geological maps are in the scale of 1:50000 and 1:25000 in the study area (CGS 2002 (CGS , 2005 . A comparison of strata boundary distributions between these two existing geological maps within a restricted square demonstration area is shown in Fig. 3 .
With dip-slope topography and sandstone-shale stratigraphy this study area is recognized as a geologically sensitive area for human use and prone to landslide hazards (Wang et al. 2013 ). However, due to its location between two densely populated cities, Taipei and Keelung, this area has been subjected to human development, including transport infrastructures and large communities, resulting in a higher frequency dip-slope landslide occurrence. A number of cases even caused heavy casualties. In the continuing development situation, understanding detailed distribution of different rock types and bedding attitudes is a critical task necessary to assist disaster prevention. Finer geological mapping will play an important role and provide indispensable information for mitigating geological disasters.
METHODS
This study adopted 3D visualization technologies to improve the geological mapping using LiDAR-derived DTM. Apart from re-mapping originally mapped lineaments with better precision, these 3D imaging methods are able to map unexplored strata boundaries in detail and subsequently derive the bedding strike and dip.
LiDAR Data Acquisition
Airborne LiDAR is a remote sensing tool offering high-resolution topographic data, which can virtually remove vegetation on the ground for topographic and geological observations. The LiDAR data for the north bank of the Keelung River were obtained in April 2006 by the Central Geological Survey of Taiwan. A single-channel airborne scanner, Optech ALTM 30/70 model with 200 kHz sampling capability was used for the LiDAR survey. The scanner was mounted on a helicopter with a flight speed of 219 km h -1 . The flight altitude was about 1800 m above sea level and the ground-helicopter distance ranged between 1000 -1500 m. Other LiDAR survey technical specifications were as follows: the operating pulse repetition rate was 71 kHz; the field of view (FOV) was ±20 degrees; the scan rate was 38 Hz. Three flight lines covered the entire study area with each swath width about 730 m. The overlap between adjacent swaths was about 40%, or approximately 290 m. The vertical misfit among swaths ranged from -13 -6 cm, with a standard deviation of about 17 cm. The classified point clouds acquired from the LiDAR returns after removing objects in the air including clouds and birds were recorded in the LAS format of 3D coordinates in the WGS84 2-degree Transverse Mercator projection system (TM2). The survey collected approximately 130000000 data points within the study area. The average density of the original point clouds is about 2.8 points m 2 . After removing nonground points the average effective density decreased to about 0.8 points m 2 , which is still sufficient to generate a DTM with a grid size of 2 m. Comparing kinematic GPS measurements the vertical error may vary according to the different terrain types, such as bare ground and forest. The average mean errors for the LiDAR data used in this study, the RMS and STD are 0.037, 0.168, and 0.165 m, respectively.
LiDAR 3D Images
Traditionally, the LiDAR data are first processed using shading or hypsometric tinting to obtain 2D images for assisting visual geological interpretation. Although such an imaging method allows an understanding of the topographic relief in 2D images, its poor ability to provide visual positioning in 3D space limits high-resolution geological applications, such as mapping sedimentary formations at a scale larger than 1:5000. In this study two types of 3D imaging techniques were used: 3D flythrough and anaglyph to best extract the LiDAR data potential for detailed geological mapping.
LiDAR 3D Flythrough
Three dimensional flythrough is a common method to exhibit a 3D terrain draping aerial photographs and satellite imagery. It is a virtual 3D image (also called 2.5 D image) and usually carried out using 3D navigation software such as Google Earth (http://earth.google.com) or ArcScene (http://www.arcgis.com). However, image distortion in the slope and vegetation regions interferes with the geological interpretation. We adopted high-resolution LiDAR topography data to clearly display the surface geological details. Unclear or masked geological lineaments including sedimentary boundaries can be easily positioned and traced. The LiDAR image viewing angle can be set arbitrarily according to the required terrain perspectives as shown in Fig. 4 . Obviously, the LiDAR image with 3D flythrough can present good image effects for visual geological interpretation.
Sedimentary bedding, which is the interface between two different lithological beds, is the image interpretation objective. The interface can be shown as a characteristic line because of differential erosion effects. During geological mapping implementation using LiDAR 3D flythrough, we can arbitrarily change the viewing directions to better examine the terrain. At the same time image processing including shading, elevation exaggeration, etc. are carried out to enhance the topographic and geological characteristic lines for the best observations. Continuous lineaments can therefore be identified and traced with high confidence in 3D space, and also be mapped on a 2D plane using projection. Because each bedding trace is composed of a series of 3D coordinate points we can clearly express the strata boundaries in the 3D pattern. To transfer the 3D points into a 2D geological map the 3D points are first converted into the same geological map coordinate system. The 2D points are projected directly onto the geological map plane by removing the vertical component. A schematic diagram of bedding plane lineament mapping using 3D flythrough is shown in Fig. 5 .
LiDAR Anaglyph Image
Topographic and geological applications using stereoscopic images can be traced back to the middle of the 19 th century (Kuenen 1950) . Interpreters used a desktop stereoscope and a pair of raw aerial photographs for surface observations. Today stereoscopic images can be digitally produced for rapid and convenient uses in many different 3D technologies, such as anaglyph, shutter, polarizing, glass less type, etc. (Wickens and Hollands 1999; Lee et al. 2000; Howard 2002; Kooi and Toet 2004; Bowman et al. 2004 ). Among them, the anaglyph was adopted for our 3D geological mapping because of its economy and efficiency. A Li-DAR anaglyph image of the study area is shown in Fig. 6 . Note that it is necessary to wear a pair of special glasses: typically red-cyan or red-blue glasses, for revealing an integrated stereoscopic image. From the image we can experience vivid stereovision for identifying topographic relief.
The LiDAR anaglyph image is used in this study for solving situations that cannot be interpreted by the LiDAR 3D flythrough images, especially in rough terrain such as a valley. Figure 7a is a LiDAR 3D flythrough image showing a valley terrain within the study area. Although we can see surface lineaments of various types on the LiDAR 3D flythrough image, they are less vivid in 3D than those shown by a LiDAR anaglyph. Thus, we produced a pair of corresponding left-and right-eye images and built a LiDAR anaglyph image ( Fig. 7b ) with a favorable viewing direction. From this image we can identify lineament types, such as bedding interfaces or gullies, and match them across the valley.
Deriving the Values of Strike and Dip of Bedding
Strike and dip are basic information that provides quantitative bedding attitudes. Strike and dip measurements are obtained through field strategies that are best suited to the outcrop condition (Twiss and Moores 2007) . However, the number of strike and dip measurements is usually restricted in poorly accessible areas, resulting in undesirable data gaps. LiDAR data application significantly improves the geological mapping, but the strike and dip resolution in maps is still not significantly improved. We suggest an efficient and reliable method to calculate strike and dip values that complements the fieldwork to solve this problem and obtain finer geological mapping.
Deriving Bedding Strike and Dip from LiDAR Data
The traditional method of obtaining strike and dip is to measure both the direction and the inclined angle between a bedding plane and the horizontal plane at field outcrops. Obtaining LiDAR-derived bedding strike and dip follows the same principle, but it defines a sedimentary bedding plane using the LiDAR data. Three measurement points over a sedimentary bedding plane define a measurement triangle exactly, but, in practice, more than three points are needed for better results. These measurement points are used to compute a regression plane for obtaining a measurement triangle. The regression plane can be represented by:
where x and y are the longitude and latitude in the TM2 coordinate system, z is the elevation above a given datum, and a, b, and c are estimated coefficients. Next we acquire the normal measurement triangle vector and take the cross product with the normal horizontal plane vector to derive the strike and dip of the measurement triangle. The strike-anddip derivation process is schematically shown in Fig. 8 . For clarity, the symbol for the LiDAR-derived strike and dip is different from that of the outcrop strike and dip. For the Li-DAR-derived strike and dip the dip direction is represented by an arrowhead and the symbol is labeled at the centroid of the measurement triangle. From the regression computation the LiDAR-derived strike and dip data obviously have better fits than those from the traditional field method that only apply to a small outcrop surface. Thus, better quality data for strike and dip can be obtained for more detailed description of the stratigraphy under investigation.
Interpolated Smoothing Bedding Surface
Interpolated smoothing bedding surfaces are obtained from a 3D bedding attitude model based on LiDAR data. The model construction is based on the bedding regression surfaces and their linear interpolation. The zigzag curves of the bedding traces extending in 3D space can be fitted using corresponding regression surfaces (see Fig. 9 ). The regression surface is defined as a first degree polynomial in the two-variable equation:
z c c x c y c xy
where c 1 , c 2 , c 3 , and c 4 are the estimated coefficients for the regression surface. Consequently, the strike and dip of each point on the regression surface can be derived from a spatial vector calculation. Using the regression-surface equation, the dip direction can be found at any point on the surface by calculating the gradient of a two-variable function: where v dip is the dip direction and i and j are the unit vectors of the x and y directions. We can then calculate the dip slope from the following equation:
where S dip is the dip slope, udip is the dip unit vector and the notation indicates the vector length. The dip value in degrees can be calculated easily from the dip slope. The strike vector can be calculated at any point over the regression surface using the following equation:
where v strike is the strike direction, ndip is the dip unit vector and n zsurface is the unit normal vector of the regression surface of z. The strike value can be calculated from the angle between north and the strike direction. In general a firstdegree polynomial with a two variable equation is used to derive the interpolation-derived strike surface and bedding dip. The surface can be determined with four constant coefficients and regular vector analysis will help determine the strike and dip through the previously stated equations. After acquiring all of the regression surfaces and the strikes and dips on those surfaces, we use an algorithm for linear interpolation to build a 3D model of the bedding attitudes. Because the regression surfaces appear below the dip-slope surfaces, the surface morphology will not interfere with the recognition of a typical dip slope. The main purpose of the interpolated smoothing bedding surface is for predicting the subsurface strike and dip pattern at shallow depth. The interpolation-derived strike and dip, if well constrained by field or LiDAR-derived strike and dip measurements, can be useful for mining, underground or tunnel engineering projects during site investigation and evaluation stages. For example, the subsurface strike and dip prediction will help us evaluate and select a corresponding construction method in advance for optimally solving engineering geological problems.
MAPPING RESULTS

Sedimentary Bedding Traces
All sedimentary bedding traces in this study were identified using visual image interpretation. We used existing geological maps to assist in identifying the general sedimentary strata distribution. The interpreted bedding traces should meet basic bedding characteristics, such as overall continuity and parallelism. Other lineaments that do not match the two characteristics, such as gullies and traces of human development, would be removed during visual interpretation processes. Some interpreted bedding traces pass through the entire study area from NE -SW and they are classified as well-defined bedding traces. In contrast, those that do not show continuous traces are classified as not so well-defined or even poorly-defined bedding traces, depending on the completeness of the mapped bedding traces. Accordingly, we were able to identify 19 well-defined bedding traces to show the sedimentary strata distribution pattern. The bedding trace 3D mapping results are shown in Fig. 10 . Based on the stratigraphic units in existing geological maps, the 19 bedding traces are numbered sequentially based on their corresponding positions in the previously published stratigraphic units (see Fig. 11 ): T0 -6: Taliao Fm; S0 -2: Shiti Fm; N0 -8: Nankang Fm.
LiDAR-Derived Strike and Dip of Bedding
The LiDAR-derived bedding plane strike and dip are deduced from each measurement triangle (see section 3.3.1). Triangle selection in the study area is based on the following restrictions for better measurement results: (1) The shape is approximately an isosceles triangle and each interior angle is in the 30 -120° range. This restriction will ensure that the measurement triangle is not too elongated in shape and will desirably reduce the sensitivity of the observed coordinate point values for the final calculated strike and dip values. (2) The measurement triangle should have a representative size of about 10000 ± 2000 square meters. In general, the size of the measurement triangle should not be too large because the strata are curved in nature. It should also not be too small because it will undesirably increase the sensitivity of the observed coordinate point values for the final calculated strike and dip values. (3) The R 2 of the regression calculation should be greater than 0.85. The threshold of the R 2 value for selecting the measurement triangles is usually arbitrarily determined. We selected triangles with the R 2 value greater than 0.85 for goodness of fit as well as to have enough measurement triangles for the study area. We determined 39 measurement triangles that complied with the above restrictions to calculate the LiDAR-derived strike and dip. For regression analysis the goodness of fit of the LiDAR-derived strike and dip is shown in Table 1 . The table includes the standard error of the estimate (SEE) and coefficient of determination (R 2 ). The SEE indicates the dispersion degree of regression model prediction, and the R 2 indicates the goodness of fit of the regression plane. The strike and dip mapping results including the outcrop and LiDAR-derived measurements are shown in Fig. 12a . There are only 17 field outcrops recording the strike and dip within the study area and their density is 0.37 points km -2 . After adding the new 39 LiDAR-derived measurements, the strike and dip density increased significantly to 1.22 points km -2 with better measurement distribution. In addition, we also produced a detailed geological profile with the new mapping results with enhanced stratigraphic column reliability (Fig. 12b ).
Interpolation-Derived Strike and Dip of Bedding
The method of obtaining interpolation-derived strike and dip is preliminarily described in section 3.3.2. In the demonstration area, 2.5 × 2.5 km, near the center of our study area (see Fig. 3 ), we included 14 well-defined beddings from LiDAR images which go through the area for generating 14 regression surfaces. The goodness of fit analysis for the 14 regression surfaces is shown in Table 2 . A 3D bedding attitude model was built through a series of spatial vector calculations [Eqs. (3) - (5)] and linear interpolation. The model's elevation data region ranges from the ground surface to about 200 m below sea level. The greatest advantage of this method is its ability to predict the strike and dip distribution underground at shallow depths. To illustrate this advantage we selected the sea-level plane and the ground surface for demonstration. The results from the demonstration area show that the strike values increased towards the SW at both sea level and on the ground surface (Figs. 13a, b) , and that the dip values are larger on the SE side at both sea level and on the ground surface (Figs. 13c, d ). The interpolation-derived strike and dip prediction is very helpful for engineering designs such as tunnels, foundations and slope stability. Table 2 . Goodness of fit of regression within the demonstration area (2.5 × 2.5 km).
Note: SEE means standard error of the estimate.
LiDAR-Based Strata Boundary Map
The 3D imaging techniques helped us observe detailed strata boundaries. Through the strike and dip methods derived from LiDAR and image processing more reliable bedding attitudes can be obtained than using traditional field methods. Thus, based on the previous geological maps we can derive a LiDAR-based strata boundary map with finer scales (see Fig. 14) . In the demonstration area we also added 16 beddings, in addition to the 14 well-defined beddings. The 16 new beddings can be identified explicitly, but often lack continuity. The number of strike and dip measurements in the demonstration area increased from 2 -13, enhancing the geological description of the region. The existing geological maps (see Fig. 3 ) can be improved and complemented using the proposed LiDAR-based geological mapping. The final results of the improved geological maps show much more detailed geological features and should be very helpful for engineering applications.
DISCUSSION
Geological Mapping in 3D vs. 2D
In general, geological mapping using remote sensing images has large-scale, rapid and economic features (Drury 1993; Rogge et al. 2009 ). However, due to the limitations of 2D images, geological mapping still depends considerably on the geological information obtained in field investigations (Carranza and Hale 2002) . Three dimensional imaging technologies retain all the advantages of remote sensing images and also provide more precise geological information. The overall differences between 3D and 2D geological mapping are described as follows:
(1) Differences in image readability. The 2D remote sensing image is restricted to an observed scene with a single viewing angle. Without long-term geological training, inexperienced observers find difficulty in grasping important geological information when viewing these images. Three dimensional image displays, however, provide interactive and straightforward stereo images so that observers with less geological experience are able to interpret the topographic and geological information correctly and efficiently. (2) Differences in geological information acquisition. Although we can draw geological lineaments on 2D images, it is not straightforward to obtain the strata thickness and the strike and dip without field investigations. Three dimensional images help identify geological lineaments precisely and continuously in 3D space. The thickness and orientation of the strata can be easily obtained from direct visual observation or spatial geometry analysis. The results can then be used to quantify the underground geology of local areas that are important for city planning.
Strike and Dip of Bedding
Previously, clinometer measurements at field outcrops were the only method for acquiring bedding strike and dip (e.g., Twiss and Moores 2007) . This study proposes a 3D space geometric analysis method to obtain the strike and dip precisely and rapidly. The proposed method imposes a triangle plane onto a sedimentary boundary and then applies a planar geometric algorithm for computing the strike and dip values. The advantages of this geometric analysis include: (1) Obtaining the bedding strike and dip complementing field investigation when it is difficult. When appropriate triangle measurement planes are defined, we can obtain a great number of strike and dip estimates and no longer be restricted by the lack of field outcrops. (2) Obtaining representative values of the regional trend of the strike and dip. The traditional method measures a point at a field outcrop with a clinometer. This method causes higher variability among different measurement points. Our proposed geometric analysis in 3D space method computes the strike and dip values by defining a relatively large measurement triangle plane. The values derived from such measurements represent the average within the selected triangle plane and should be more representative of the true bedding strike and dip at regional scale.
Traditional and 3D LiDAR-Based Bedding Trace Maps
Due to improvements in computer technology, traditional geological maps can be processed using digital procedures (Whitmeyer et al. 2010; de Donatis et al. 2012) . Because of the need to measure geological elements, such as bedding plane and formation boundary in the field, the procedures use only indirect digitization methods, which convert field data from such geological elements into digital formats. In contrast, the definition of geological elements and the 3D LiDAR-based geological maps are efficiently derived from high-resolution DTMs. The differences between the two bedding trace mapping approaches include: (1) Differences in density and coverage. The traditional approach depends on manual measurements and the distribution of outcrops. Detailed geological mapping is usually difficult to achieve at a scale of 1:5000 or greater when local geological field investigation is hindered by dense forest or terrain that are poorly accessible. The LiDAR DTM used for producing the 3D LiDAR-based bedding trace maps in this study has a horizontal resolution of 2 m and a vertical resolution of about 20 cm. Its mapping scale can easily be applied at 1:2000. (2) The ability to quantify geological information in 3D. Because the number of outcrops being surveyed is usually inadequate, bedding geometry and stratigraphic boundary are often mapped at very coarse scales, resulting in traditional geological maps having limited engineering applications. The 3D LiDAR-based bedding trace maps provide precise 3D positioning of the strata location, orientation and thickness that can be readily quantified to facilitate advanced numerical modeling for geological and engineering problems.
Sources Affecting Mapping Quality
Except for systematic errors such as GPS positioning and laser distance measuring, the visual image interpretation process is the main factor affecting strata boundary mapping quality. Generally, the sources affecting mapping quality may be attributed to the following situations.
(1) Low density of LiDAR ground points. This situation usually occurs in regions of dense vegetation and very steep slopes. The DTM resolution may be lower than the average, resulting in coarse geological features not favorable for identification (Fig. 15) . (2) Debris deposition covering bedding traces. Debris deposition from small or local landslides often covers some segments of bedding planes, particularly in the strata of alternating sandstone and shale layers (Fig. 15) . (3) River terraces and human constructions. These two situations make a large part of strata boundaries obscure.
To minimize their influence, we can apply aerial photographs and satellite images to assist in 3D image interpretations and work on critical outcrops in the field for constraints (Fig. 15) .
Limitations of LiDAR 3D Strata Mapping
In highly vegetated terrains, LiDAR 3D imaging is one of the best solutions for mapping geological and topographical features. These images were used mainly for bedding plane and stratigraphic boundary interpretation in this study. Nevertheless, such application is restricted in use under the following relatively complex geological conditions:
(1) Sedimentary terrain with little differential erosion. Because the display of strata boundaries in sedimentary terrain on LiDAR images is highly dependent upon the effects of differential erosion, the boundary between two similar lithological beds can be difficult to interpret without clear differential erosion (see Fig.15 ). (2) Complexly fractured sedimentary terrain. Complexly deformed rocks that contain a great number of joints and fractures may lead to irregular surface patterns from accelerated surface erosion. The irregular morphology may cause difficulties at recognizing bedding traces. (3) Complexly folded and faulted sedimentary terrain. Severe folding and faulting may cause distorted and displaced bedding that is hard to identify and trace. Such complex terrain may need more works, such as stratigraphic correlation and fundamental structure determination, before further using image interpretation. (4) Volcanic and metamorphic terrain. The pattern of sedimentary bedding is easily recognized on the LiDARderived images, but volcanic and metamorphic terrains show complex patterns that are hard to interpret and may need further studies.
CONCLUSIONS
Geological mapping with LiDAR-derived 3D images can be very effective for mapping regular sedimentary strata on a finer map scale, which should better meet the higher resolution requirements of engineering planning. In this study we remapped the bedding trace including its attitude and stratigraphic boundaries using an example in a monoclinal sedimentary terrain of northern Taiwan. In this 9.1 × 5.1 km study area we demonstrated LiDAR-derived bedding strike and dip acquisition and interpolated smoothing bedding surfaces. The proposed approach provides more complete coverage and higher density bedding measurements, thereby supporting detailed geological mapping, in particular, for bedding trace and stratigraphic boundaries. We also effectively derived other significant geological information, including slightly curved 3D bedding surfaces and stratigraphic cross sections. This study demonstrates how to improve original geological maps with four major advantages of such improvements: (1) Producing geological maps that are more representative and detailed than existing maps for engineering designs and geological disaster prevention. (2) Establishing the methods and processing algorithms of remote sensing images, especially the LiDAR-derived 3D images for detailed and effective geological mapping. (3) Providing quantified and digitized 3D bedding attitude and stratigraphic boundary for advanced geological and engineering numerical analysis. (4) Introducing an efficient practice for detailed geological mapping in the laboratory to complement field observations.
